We describe recent results on the CO/C0 2 /H 2 0 composition of comets and compare these with models of the protoplanetary disk. We argue that the cometary observations require reactions on grain surfaces to convert CO to CO 2 and also require formation between the CO and CO 2 snow lines. This then requires very early mixing of cometesimals in the protoplanetary disk analogous to the mixing described for the asteroid belt by Walsh and Morbidelli (2011) . We suggest that most comels formed in the region of the giant planets. the traditional source of the Oort-cloud comets but not of the Jupiter-family comets.
Our current understanding of cometary dynamics (e.g, Rickman 20 I 0) implies that Jupiter-family comets (JFCs) formed primarily beyond Neptune, while long-period comets (LPCs), coming to us via the Oort cloud, and likely the source of many Halleytype comets (I-lTCs), formed both in the region of the giant planets followed by direct ejection to the Oort cloud or formed anywhere out to beyond Neptune and reached the inner Oort cloud via the scattered disk. Recent results on the volatile composition of comets. both in situ (A 'Hearn et al. 20 II) and via remote sensing (Ootsubo et at. 20 II) suggest a more complicated scenario in the earliest stages of cometary formation and evolution. All comets may have formed in the region of the giant planets. These results also call into question the traditional composition deduced for volatiles condensing from the gas phase, notably l-hO, C02. and CO. in the protoplanetary disk (e.g, Williams and Cieza 20 II) . although very recent results on the composition of icy grains in quiescent clouds suggest a resolution of some of these problcms (Noble et al. 20 II) . Belton and Melosh (2009) have argued that the heterogeneity of the abundances of volatiles in JFCs should be explained as a result of evolution in the inner solar system. Here we explore the alternative. namely that the heterogeneity is largely a result of the original formation process. A similar conclusion has been reached in other recent investigations that will be discussed below.
COMETARY VOLATILES
The relative abundances of H 2 0, CO 2 , and CO in cometary outgassing have been the subject of very limited studies due to the diftlculty of the observations. particularly for CO 2 , whieh can only be observed beyond Earth's atmosphere. The data are summarized in Table I where we include some dynamical parameters together with the relevant ratios of ahundances. The tirst measurements of all three species were for comet I P/Halley from the in situ mass spectrometers. Those data have had a variety of interpretations but the abundances we use here are the ones found by Rubin et ai. (20 I I) . who do not require an extended source for the CO. Suhsequent measurements included an indirect measurement via prompt emission in the ultraviolet Cameron bands of CO and direct detections with ISO. These measurements have been discussed by Bockelee-Morvan et al. (2004) . More recent results include measurements from the Deep Impact spacecraft of9P/Tempel I (Fcaga el al. 2007a (Fcaga el al. , 2007b and of 103P/Hartley 2 (A 'Hearn et ai. 20 II. Feaga el al. 2011) coupled with measurements of CO in Hartley 2 using HST (Weaver et al. 2011 a. b) . Meanwhile, the Japanese A KARl satellite has been used to carry out a survey of the three species in about two dozen comets (Ootsubo el ai. 20 II), although in most cases the results for CO are only upper limits, which still provide interesting constraints. We do not include here several measurements of only CO without CO 2 .
Observations of the coma may be misleading and/or confusing due to the presence of volatiles, principally H,O in the present context. in the limn of ice rather than gas. as seen close to the nucleus in Hartley 2 (A' Hearn et al20 I I) and much further from the nucleus in the outburst ejecta of 17P/l-lolmes (Yang el al. 2009 ). If one observes with a sufficiently large aperture that all the ice has evaporated before reaching the limit of the field, the measurements of gaseous water should correctly reflect the total rate of release of water. A wealth of data suggests that the different volatile ices are not mixed at the microscopic level but at some macroscopic level, the scale of which is not known, although we note that the volatiles excavated by Deep Impact at the scale of tens of meters were in the same relative abundances as those in the ambient outgassing of that comet. For this paper. we use the total release of water, both as ice and as gas. as the relevant measure for abundance ratios. We consider only observations within 2.5 AU of the sun. distances at which H 2 0-ice is normally expected to entirely sublimate within the field of view of typical remote sensing instruments. This is also the distance inside which the production rates of OH (from H20) and CO were parallel in comet Hale-Bopp (C1l995 0 I) (Biver el al. 1997) . The increase of abundances of other volatiles relative to water at larger heliocentric distances is easily seen also in the multiple observations of individual comets in the complete dataset of Ootsubo et al. (20 II, see also Table I ).
The abundance ratios for many eomets are given in Table 1 . We have considered only comets for which there are measurements or upper limits for CO 2 . This table includes measurements at large heliocentric distances. Ootsubo et al. (2011) have explored the variation with distance of observation and shown that the ratio [C0 2 /H 2 0] varies over a wide range. with a lower limit that is independent of heliocentric distance and an upper limit that increases systematically with distance. Here we are interested more in long-term evolutionary eflects and in Figure I we have plotted [C0 2 /thO] versus perihelion distance. a parameter correlated with evolution through the maximum heating around the orbit. There is no trend among the JFCs and among the HTCs/LPCs. the lone object that might suggest a trend is Halley. at 0.58 AU and the only HTC in the sample. Note that the range of values for JFCs completely encompasses the range for LPCs. Figure 2 shows that ratio for the LPCs + Halley (a much smaller sample). plotted against the reciprocal semi-major axis of the orbit on approach, a useful proxy for the number of perihelion passages in the inner solar system. Again there is no trend except tor Halley itself being an outlier with respect to the LPCs. The lack of trends in these diagrams. particularly the lack of any pattern for LPCs relative to JFCs. suggests that a primordial explanation for the variation should be considered. even though evolutionary effects likely play some role. There is no way. with present data, to know whether the low values for Halley indicates a trend or is an artifact of small-number statistics.
Meanwhile. the ratio [C02/CO] varies by much more than two orders of magnitude in the limited sample for which direet measurements are available. There is not much range among the LPCs and HTCs where it is directly measured. but the lower limits for some LPCs require that the range be well over one order of magnitude. There is some indication from the lower limits that perhaps [COiCOj might be highest tor the dynamically new comets. The two JFCs for which both species are detected yield ratios more than two orders of magnitude apart and spanning the entire range (including lower limits) for LPCs and Halley. This does not seem consistent with depletion of the highest volatility species through perihelion passages. nor does it seem consistent with bondbreaking by cosmic rays while in the Oort cloud. This also suggests that the ratio may be primordial. When considering the abundance ratio one must ask whether the relevant ratio is the ratio of species leaving the nucleus as gas or the total ratio of species, whether gaseous or solid when leaving the nucleus, For some problems, such as studying the nongravitational accelerations or torques on the nucleus, the ratio of gases is relevant, but for bulk chemical composition the total amount leaving the nucleus is more relevant, If the nucleus is globally heterogeneous and the different volatiles are coming from fundamentally different areas within the nucleus, the measured abundances may average over different cometesimals. The fact that the excavation by Deep Impact at Tempel I led to volatile abundances in essentially the same proportion as in the ambient outgassing (A' Hearn et al. 2008 ) argues that at least to depths of tens of meters the ices are mixed (macroscopically, not microscopically). These results are very hard to explain in an evolutionary scenario and we consider the primordial scenario more likely and therefore worth studying in more detail.
PRIMORDIAL ABUNDANCES AND THE PROTOPLANETARY DISK
We tirst note that most traditional models of the protoplanetary disk predict abundance ratios C02/CO « I (typically as low as 10'4) reflecting gaseous relative abundances and direct condensation from the gas. However, recognition of much higher ratios in the ices of interstellar dark clouds has led Garrod and Pauly (20 II) to theoretically consider reactions ofOH with CO on the surface of icy grains that lead to comparable abundances of CO and C02 in interstellar dark clouds. Noble el al. (20 I I) have obtained similar results in the laboratory. We conclude that these surface reactions are critical to the formation of comparable abundances of CO and CO 2 in cometary nuclei.
We further suggest that the wide range of abundance ratios in comets implies that the comets formed generally between the CO 2 sand CO snow lines in the disk. The location of these snow lines differs among models and even varies with the evolution of the disk for any single model. For some recent models of the protoplanetary disk, e.g.. that by Dodson-Robertson et al. (2009) , these two snow lines are in the region of the giant planets. It seems unlikely that inclusion of grain-surface reactions would have major effects on the thermal profile of the disk. Thus we suggest that most comets formed in the region of the giant planets, the traditional origin for Oort-cloud comets but not for JFCs.
It is widely understood that the giant planets migrated during the early stages of the solar system although ideas on the details of that migration are changing rapidly. Recently Walsh and Morbidelli (2011) , in order to explain the distribution of asteroidal orbital properties. have invoked migration of Jupiter and Saturn beginning much earlier and much closer to their present-day orbital positions than in recently preceding dynamical models. This migration mixed asteroids both outward and inward as the direction of migration changed and ultimately mixed up most of the asteroids in the outer portions of the asteroid belt. We suggest that a similar process must have occurred for the comets, although the role of specific planets is not clear without more work. Some comets were ejected directly to the Oort cloud as classically understood, but many others must have been ejected to the scattered disk and thus provided a source for the JFCs. The details of this process require a detailed, quantitative simulation that is beyond the scope ortbis paper, one involving grain reaction rates as well as specitlc planetary migration rates since tbe time scale is short.
We note that such mixing could also explain heterogeneity within individual cometary nuclei since this very early planetary migration could have occurred while the cometesimals were still accreting into nuclei, A 'Hearn el (II. (20 II) and Feaga el (II. (20 II) have discussed the variations in relative abundances in Hartley 2 as it rotates and this strongly suggests that the larger lobe of the nucleus lias much less volatile content than the small lobe, It is not yet clear how the relative abundances of the three ices varies because a detailed, quantitative model of the sublimation of grains in the coma is required. Because this comet is in excited state rotation now and the observed changes in rotational slate during the last apparition imply different rotational states earlier in its history, seasonal effects should be minimal. suggesting that the two lobes of the nucleus likely fonned at different heliocentric distances. The obvious spatial heterogeneity in the outgassing of Tempel I (Feaga el al. 2007a ), on the other hand. could be either a seasonal evolutionary effect or a primordial effect. A variety of other earlier measurements by remote sensing have reported chemical changes with rotation suggesting that other comets also have nuclear heterogeneity, although in those cases it is not possible to assess the relative importance of primordial abundances. seasonal effects, and long-term evolutionary effects.
Mixing of this sort also appears to be needed to explain the D/H ratio of comet Hartley 2 as pointed out by Hartogh el ai. (20 I I). They measured the ratio to be equal to SMOW (Standard Mean Ocean Water), i.e." a factor two less than in the few LPCs+Halley for which it is measured. This suggests that at least Hartley 2 was formed in a region with D/H similar to that on Earth. If JFCs formed in the Kuiper belt and LPCs formed in the region of the giant planets. the ditTerences should go in the opposite direction according to Hartogh el (II. Furthermore, Hogerheijde el ai. (2011) have argued that the ortho-para ratio of water in a protoplanetary disk, which is much lower than that in comets in our own solar system, also requires comets to contain material that condensed in a wide variety of locations in the protoplanetary disk.
SUMMARY
Observations of the abundances of the volatile species H20. CO 2 • and CO in comets show a wide range of abundance ratios in both JFCs and LPCs/HTCs. This seems unlikely to be the result of evolution through successive perihelion passages. We suggest that both classes of comets. or at least the cometesimals that might later have assembled, formed between the CO 2 and CO snow lines, thus allowing the wide range of abundanee ratios. They were subsequently scattered by planetary migration to lead to the present dynamical types of comets. much as the asteroids were mixed up in the dynamical model of Walsh and Morbidelli (2011) . This could also explain variations within individual nuclei since this migration takes place earlier than previously modeled and is relatively fast. FIGURE CAPTIONS Figure 1 . Relative Production of C02 as a function of perihelion distance logarithmic scales. jFCs show no trend with perihelion distance and span more than the entire range of relative production rates hy LPCs. The pOint in the lower left of the diagram is 1P (Halley, the only HTC in the sample. Figure 2 . Relative production of C02 as a function of original reciprocal semi-major axis for LPCs and HTCs -logarithmic scales. 1 P (Halley is the unusually low point and is the only HTC in the sample. 
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